A comprehensive phylogenetic tree for virtually the entire assemblage of enteric bacteria is presented. Character states of aromatic amino acid biosynthesis are used as criteria, and the results are compared with partial trees based upon sequencing of 16S rRNA, 5S rRNA, and tryptophan leader peptide. Three major clusters are apparent. Enterocluster 1 possesses a gene fusion (trpG-trpD) encoding anthranilate synthase: anthranilate 5-phosphoribosylpyrophosphate phosphoribosyltransferase of tryptophan biosynthesis. This cluster includes the genera Escherichia, Shigella, Citrobacter, Salmonella, Klebsiella, and Enterobacter. The remaining two clusters lack the trpG-trpD gene fusion, but differ in the presence (enterocluster 2) or absence (enterocluster 3) of the three-step overflow pathway to L-phenylalanine. Enterocluster 2 consists of the genera Serratia and Erwinia. Enterocluster 3 includes the genera Cedecea, Kluyvera, Edwardsiella, Hafnia, Yersinia, Proteus, Providencia, and Morganella. Within these three major clusters, a tentative hierarchy of subcluster ordering is formulated on the basis of all data available. This hierarchical framework is proposed as a general working basis for continued refinement of the phylogenetic relationships of enteric bacteria.
The phylogenetic history of procaryotes, once thought to be inaccessible, is being reconstructed at an impressively rapid pace (33) . Nucleotide sequencing techniques have provided the technological thrust, and rRNA has been the molecule of choice because its conservative resistance to evolutionary change allows the entire phylogenetic span of the ancient procaryotes to be analyzed. Initially, phylogenetic trees were based upon 16S rRNA oligonucleotide cataloging (18, 31) , but complete sequencing of 16S rRNA is now routine (31) . Sequencing of 5S rRNA is also being used (21, 27) . In principle, the eventual comparative sequencing of as many cistrons as possible will yield slightly different trees, and the greater the number of trees available, the greater will be the resolution of evolutionary branching.
The enteric bacteria are of special microbiological interest because of both pathogenic and nonpathogenic relationships with mammalian systems. The intensity of clinically oriented classification has produced such a degree of subdivision that the entire family of Enterobacteriaceae is roughly equivalent to or even less diverse than single genera (such as Bacillus) elsewhere. Within (20, 25, 28, 30, 35, 36) . Thus far, these studies involve too few organisms to establish an overall hierarchical order. A comparison of the phylogenetic trees constructed by 16S rRNA sequencing, 5S rRNA sequencing, and amino acid sequence homology of tryptophan leader peptides is given in Fig. 1 (4, 8, 22, 36, 37) , and Fig. 1A shows Serratia to be closer to Klebsiella than Klebsiella is to Salmonella, a result that is at variance with those shown in Fig. 1B and C.
The comparative enzymology and regulation of aromatic biosynthesis has revealed a rich diversity of biochemical character states (12) . These character states have been tabulated for the convenience of the reader throughout this text ( Table 1 ). The evolutionary history of aromatic biosynthesis and regulation is now being deduced from comparative biochemical studies (23) . Such (27) , and (C) amino acid sequence homology of the trp leader peptide (36 (13) .
Prephenate dehydratase (PDT) was also assayed by the method of Cotton and Gibson (13) . The reaction mixture, in a final volume of 0.2 ml, contained buffer A, 1 mM potassium prephenate, and a suitable amount of enzyme. After incubation at 37°C for 20 min, 0.8 ml of 2.5 N NaOH was added and the phenylpyruvate formed was measured at 320 nm.
Prephenate dehydrogenase (PDH) and arogenate dehydrogenase activities were assayed exactly as described by Patel et al. (29) except that buffer A was used in the assay.
Arogenate dehydratase activity was assayed either by the measurement of phenylalanine formation by high-pressure liquid chromatography as described by Zamir et al. (40) or by the coupled assay described by Ahmad and Jensen (2) . For the former assay, the reaction mixture, in a final volume of 0.2 ml, contained buffer A, 1 mM potassium arogenate, and a suitable amount of enzyme. After incubation at 37°C for 20 min, 0.05 ml of 0.5 N NaOH was added and the phenylalanine formed was estimated by high-pressure liquid chromatography as described by Lindroth and Mopper (26) .
The reaction mixture for the coupled assay (2), in a final volume of 0.2 ml, contained buffer A, 1 mM potassium arogenate, 10 mM 2-ketoglutarate, 100 U of partially purified aromatic aminotransferase, and a suitable amount of enzyme. After incubation at 37°C for 20 min, 0.8 ml of 2.5 N NaOH was added and the phenylpyruvate formed was measured at 320 nm.
Protein in the crude extract was estimated by the method of Bradford (11) with bovine serum albumin as the standard protein. DE52 column chromatography. Approximately 100 mg of crude extract protein was applied to a DEAE-cellulose (DE52) column (1.5 by 20.0 cm) equilibrated in buffer B. The column was washed with 2 bed volumes of the equilibration buffer, and then the bound proteins were eluted with 300 ml of a linear gradient of 0.0 to 0.35 M KCl in buffer B. Fractions of 2.2 ml were collected and were assayed for A280 and enzyme activities. All column fractions were initially screened with the maximal amount of eluate to detect possible low activities. Subsequent profiles were then produced by using appropriate amounts of eluate.
Biochemicals and chemicals. Amino acids, nitotinamide, p-aminobenzoate, calcium pantothenate, D-biotin, thiamine, Sephadex G-25, and dithiothreitol were obtained from Sigma Chemical Co., St. Louis, Mo. DE52 was purchased from Whatman, Inc., Clifton, N.J. Prephenate was prepared as the barium salt from culture supernatants of a tyrosine auxotroph of Salmonella typhimurium (16) and was converted to the potassium salt before use. Chorismate was isolated from the accumulation medium of a triple auxotroph of Klebsiella pneumoniae 62-1 and purified as the free acid (19) . L-Arogenate was isolated from a triple auxotroph of Neurospora crassa ATCC 36373 by the method of Zamir et al. (38) . All other chemicals were standard reagent grade.
RESULTS
Aromatic pathway enzymes in Citrobacter, ShigeUa, and SalmoneUa species. Two isoenzymes of CM eluted from Citrobacterfreundii following DE52 chromatography of the crude extract (Fig. 2a) . The leading peak of activity coeluted with the PDT peak of activity, thus marking the presence of the bifunctional P protein (chorismate mutase-P:prephenate dehydratase [CM-P:PDT]), whereas the trailing peak coeluted with the cyclohexadienyl dehydrogenase (CDH) peak of activity, thus marking the presence of the bifunctional T protein (chorismate mutase-T:cyclohexadienyl dehydrogenase [CM-T:CDH]) of tyrosine biosynthesis. Although the CDH profiles are not shown here, the exact coincidence of CDH and CM-T elution profiles has been shown earlier (6, 7) . Similar results were obtained from Shigella dysenteriae (data not shown), Escherichia coli (3, 13), and Salmonella enteritidis. However, S. enteritidis differed in its possession of a third species of chorismate mutase (CM-F) activity, not associated with any other activity of aromatic biosynthesis, which eluted in the wash fractions (Fig. 2b) . The presence of CM-F in Salmonella typhimurium has previously been demonstrated (5) .
Aromatic pathway enzymes in Enterobacter species. Two species of CM activity also eluted from Enterobacter aerogenes (Fig. 3a) , one species coeluting with the PDT peak of activity (P protein) and the second coeluting with the CDH peak of activity (T protein) ( Four times more column eluate was used for the assay of CM-F than for the assay of CM-P and CM-T in E. agglomerans 27155 (panel a). Arogenate dehydratase activity is expressed as peak area (a peak area of 100 corresponds to 0.14 nmol of L-phenylalanine formed per min).
See the legend to Fig. 2 for an explanation of symbols and other details. dehydratase (CDT) activity was first described for Klebsiella pneumoniae (5) . The presence of P protein and T protein activities has also been found in K. pneumoniae (5, 13) .
Three peaks of CM activity eluted from Enterobacter cloacae, the activity eluting in the wash fractions not being associated with any other activity of aromatic biosynthesis (CM-F). The activity peaks eluting in the gradient fractions proved to be CM-T and CM-P, respectively, based on their coelution with CDH and PDT peaks of activity (dehydrogenase profile not shown) (Fig. 3b) .
Since E. agglomerans strains are classified into two major groupings (aerogenic and anaerogenic) which differ considerably from each other (8), a member from each group was included in the present study. The results obtained from E. agglomerans 29915 (aerogenic strain) are shown in Fig. 3c . Only two peaks of CM activity eluted, these being CM-P and CM-T on the basis of their coelution with PDT and CDH activities (CDH activity with prephenate as substrate is shown), respectively (Fig. 3c) . No additional peak of mutase activity or dehydratase activity (with either prephenate or L-arogenate as substrate) was detected.
The results obtained from E. agglomerans 27155 (anaerogenic strain) were quite different. Three peaks of CM activity eluted (Fig. 4a) . The peak of activity eluting in the wash VOL. 172, 1990 fractions was not associated with any other activity of aromatic biosynthesis (CM-F), whereas the activity peaks eluting in the gradient fractions proved to be CM-P and CM-T components of the bifunctional P-protein and T protein, judging from their coincident elution with the PDT (Fig.  4b ) and CDH peaks of activity (dehydrogenase profile not shown), respectively. However, an additional peak of PDT activity eluted in the wash fractions (Fig. 4b) , which could utilize L-arogenate as an alternative substrate (in contrast to the PDT activity of the bifunctional P protein), thus showing the presence of CDT in this organism. The CDT enzyme from E. agglomerans 27155, Serratia species, and Erwinia species all could utilize prephenyllactate as an alternative substrate. The presence of both CM-F and CDT in E. agglomerans 27155 indicates that an operational overflow pathway for phenylalanine biosynthesis is present in this organism. Aromatic pathway enzymes in Serratia species. The results obtained from Serratia rubidaea were similar to the results obtained from E. agglomerans 27155 (three isozymes of CM exist: CM-F, CM-T and CM-P; a PDT enzyme and a CDT enzyme exist). A minor difference was that CDT eluted late in the gradient fractions ( Fig. 4c and d) . The presence of a complete overflow pathway in Serratia marcescens and in Erwinia species (except for E. carotovora, which lacks CDT) has already been reported (5) .
Aromatic pathway enzymes in Morganella, Cedecea, Kluyvera, Hafnia, EdwardsleUla, Yersinia, Proteus, and Providencia species. Only two peaks of CM activity eluted from Morganella morganii, Cedecea davisae, Kluyvera ascorbata (Fig. Sa, b , and c, respectively) and from Hafnia alvei, Edwardsiella tarda, and Yersinia enterocolitica (Fig. 6a, b , and c, respectively). In each case, one peak of activity coeluted with the PDT peak of activity (P protein), whereas the second activity peak coeluted with the CDH peak of activity (T protein) (dehydrogenase profile not shown (part of the bifunctional T protein) and CM-F (when present) were completely insensitive to any of the aromatic amino acids present alone or in combination (data not shown).
The PDT component of the bifunctional P protein (PDT-P) was tightly regulated by L-phenylalanine in all the organisms studied in this paper (Table 3) . However, in Enterobacter species (except anaerogenic E. agglomerans), M. morganii and Cedecea davisae, PDT-P was additionally inhibited by L-tyrosine and L-tryptophan, the inhibition being cumulative (Table 3 ). This curious pattern of inhibition was first noticed in Erwinia species (5). The CDT activity, when present, was not inhibited by any of the aromatic amino acids, whether assayed with prephenate or L-arogenate as the substrate (data not shown). Phenotypic characteristics that can be assigned a plusor-minus state for the purposes of drawing evolutionary conclusions are termed character states. The multibranched pathway for biosynthesis of aromatic amino acids has provided a wide diversity of useful character states (23) . The enteric lineage shown in Fig. 7 is only a small section of superfamily B, which, in turn, is one of three subdivisions of the gram-negative purple bacteria, commonly termed the gamma subdivision (33) . Of the ancestral character states shared by the enteric lineage and shown at the left of Fig. 7 , only the bifunctional P protein is a constant character state present throughout the entire superfamily B (indeed, it is found beyond this family also [1] ). The bifunctional T protein of tyrosine biosynthesis (6, 7; Ahmad, unpublished data), the trpC-trpF gene fusion (15) , and the presence (9) of three regulatory isozymes of 3-deoxy-D-arabinoheptulosonic acid 7-phosphate (DAHP) synthase (DS) (DS-Tyr, DS-Phe, and DS-Trp) are character states that persist without exception throughout the enteric lineage. These stable character states clearly mark the enteric lineage, since they are absent elsewhere within superfamily B.
Other character states deduced to be ancestral for the enteric lineage exhibit diversity within the lineage. These are (i) the expression of DS-Tyr as the major fractional isozyme activity during growth in minimal medium [DS-Tyr(dom)], (ii) the absence of both CM-F and CDT, and (iii) the existence of unfused cistrons encoding trpG and trpD. The presence of CM-F and CDT (overflow pathway to phenylalanine) is generally characteristic of superfamily B (23), and cryptic inactivation of these enzymes appears to have occurred shortly after the divergence of the enteric lineage from the rest of superfamily B (4). Bifunctional proteins as nested markers of phylogenetic clusters. Gene fusions that produce bifunctional proteins are relatively infrequent evolutionary events, which appear to be exceedingly stable. They are ideal markers of phylogenetic clustering at different hierarchical levels. Thus, the bifunctional P protein marks superfamilies A and B (1), the bifunctional T protein and the trpC-trpF fusion mark the enteric lineage, and the bifunctional trpG-trpD fusion marks enterocluster 1 (Fig. 7) . It will be interesting to determine the hierarchical distribution of other known gene fusions (e.g., two in the pathway of histidine biosynthesis and the two aspartokinase/homoserine dehydrogenase isozymes in Escherichia coli). Enterocluster 1. Members of enterocluster 1 share a common bifunctional anthranilate synthase:anthranilate 5-phosphoribosylpyrophosphate phosphoribosyltransferase (AS: PRT) gene product of the trpG-trpD fusion (8, 37) . Two subgroups are proposed: one contains Escherichia, Shigella, Citrobacter and Salmonella; the other contains Klebsiella and Enterobacter. Escherichia, Shigella, and Citrobacter all lack both CM-F and CDT, and all express DS-Phe as the dominant isozyme (the major isozyme expressed as defined in reference 24) when grown on minimal medium (9). In contrast, Salmonella possesses an active CM-F and expresses DS-Tyr as the dominant isozyme (9, 24) . K. pneumoniae and E. aerogenes have in common a type of CDT that does not utilize L-arogenate as an alternative substrate to prephenate but will utilize prephenyllactate (5, 39) . It is interesting that strains now belonging to K. pneumoniae and E. aerogenes were previously placed together in the genus Aerobacter (14) . However, this genus name has now been discontinued, and organisms previously listed under Aerobacter have been reclassified as either Klebsiella or Enterobacter. Enterobacter cloacae and aerogenic strains of Enterobacter agglomerans lack CDT altogether. Although the b Aro, Combination of L-phenylalanine, L-tyrosine, and L-tryptophan.
dendrogram shows E. cloacae and Salmonella species to have the same character states, E. cloacae was placed as shown, since all three Enterobacter species in enterocluster 1 share an unusual P-protein property (sensitivity of the dehydratase component to inhibition by L-tyrosine or Ltryptophan, in addition to the expected inhibition by Lphenylalanine). Enterocluster 2. Serratia and Erwinia are the sole occupants of enterocluster 2. Enterobacter agglomerans ATCC 27155 represents anaerogenic species that, in contrast to aerogenic species such as ATCC 29915, lack the trpG-trpD fusion (8) . The latter has been proposed for renaming within the genus Erwinia (see reference 8 and citations therein). The overflow pathway enzymes, CM-F and CDT, are uniformly present among Serratia and Erwinia species. Erwinia carotovora, as the sole exception, lacks CDT. All Erwinia species shown, including Erwinia carotovora, share in common the property of the P-protein dehydratase whereby L-tyrosine and L-tryptophan are inhibitory, in addition to the expected feedback inhibition by L-phenylalanine (5). Members of enterocluster 2 are readily distinguished from members of enterocluster 1 by the absence of the trpG-trpD fusion (8, 37) , and they are distinguished from members of enterocluster 3 by the presence of the overflow pathway enzymes, CM-F and CDT.
Enterocluster 3. Enterocluster 3 possesses aromatic pathway character states that are synonymous with the deduced character states of the last common ancestor of the enteric lineage (Fig. 7) character states. Since Aeromonas and Alteromonas differ in a large number of character states from members of the nearest divergent lineage within superfamily B (Oceanospirillum), the three enteroclusters and the genera Aeromonas and Alteromonas comprise an assemblage known as the enteric lineage (5-7). Enterocluster 3 includes two subclusters. One contains Cedecea, Kluyvera, Edwardsiella, Hafnia, Yersinia, and Proteus vulgaris; these all possess DS-Tyr as the dominant isozyme of DAHP synthase expressed during growth on minimal medium (9) . The second subcluster contains Providencia, Morganella, and Proteus mirabilis; these all possess DS-Phe as the dominant isozyme of DAHP synthase expressed during growth on minimal medium (9) . The fact that Proteus vulgaris (the type species for Proteus) does not cluster with Proteus mirabilis reflects the heterogeneity among species currently placed together within the genus Proteus. It is noteworthy that Providencia alcalifaciens and Morganella morganii were initially placed within the genus Proteus by phenotypic analysis, being especially similar to Proteus mirabilis (14) .
Comparison of the proposed phylogenetic tree with existing dendrograms. Although a comprehensive tree containing most of the enteric bacteria has not been previously advanced, incomplete dendrograms that include some of the better-known enteric bacteria have been constructed on the basis of various criteria and methodology (22, 27, 28, 34, 35) (Fig. 1) . Our dendrogram is generally consistent with the order of branching obtained in these studies. Our initial dendrogram framework was based upon published (18) and unpublished oligonucleotide sequencing data obtained for 16S rRNA by C. R. Woese, G. Fox, W. G. Weisburg, and co-workers.
The tree given in Fig. 7 identifies three enteroclusters which we propose as valid, definitive phylogenetic subgroups. We have found that analysis of trpG-trpD, CM-F, and CDT is sufficient to unambigously place a given enteric bacterium within one of the three enteroclusters. It should be noted here that Vibrio species comprise a lineage that diverged from the ancestral trunk before the divergence of the enteric lineage but after the divergence of Oceanospiril-lum species (27, 34) ; no comparative enzymological data on aromatic biosynthesis are yet available for Vibrio species, unfortunately. It is therefore likely that some of the character states that appeared in the ancestor of the enteric lineage within superfamily B (such on DS-Phe and T protein) may also be found in this lineage. Thus, we expect that examination of Vibrio species will help pinpoint the exact point of origin of these character states.
Dynamic evolutionary gain/loss of CM-F and CDT. CM-F and CDT are generally present within superfamily B as stable character states. They were initially described in Pseudomonas aeruginosa as part of a second overflow phenylalanine pathway (17) . The physiological significance of these dual pathways is still enigmatic. The ability to express CM-F and CDT was lost within the common ancestor of the enteric lineage, since CM-F and CDT activities are absent in Alteromonas spp., Aeromonas spp., and enterocluster 3. Because both reappeared in a common ancestor of enteroclusters 1 and 2, it seems probable that loss of gene expression rather than gene deletion occurred. The cryptic genes were then available for genetic changes restoring expression. It is feasible to probe for the predicted cryptic genes in Alteromonas spp., Aeromonas spp., and enterocluster 3.
Within enterocluster 1, CM-F and CDT have been very unstable character states. Each member shown in Fig. 7 lacks CM-F or CDT or both. It is intriguing that in Escherichia coli unidentified reading frames flank the pheA and the aroF tyrA operons (22) . Transcription of each unidentified reading frame leads to small polypeptides devoid of any known function. These may correspond to CM-F and CDT genes, as suggested in the scheme proposed by Ahmad and Jensen (4) for the evolution of aromatic amino acid biosynthesis in the purple bacteria. If this is true, E. coli may possess cryptic genes for CM-F and CDT whose transcription is prematurely terminated to produce nonfunctional polypeptides.
Perspective. The enteric bacteria comprise a cohesive grouping of closely related organisms. Because of their special relationship to humans, more hierarchical subdivision has been carried out with these bacteria than with any other procaryote groupings. As previously discussed, sequencing of even generally ideal molecules such as 16S rRNA genes will not resolve perfect trees at very fine-tuned genealogical levels. We propose on the basis of all the combined information available that the three enteroclusters define lineages having the order of phylogenetic branching shown in Fig. 7 . Further branching at an even more finetuned level is presented as a tentative basis for confirmation or alteration as additional information involving essential genes and their gene products becomes available.
